than muscle. We use high nasopharyngeal temperature as our reference on the assumption that it approximates brain temperature. During the period of shut-off which takes place when the nasopharyngeal temperature has fallen to 14 0 or 15 0 C it is possible that differential cooling might leave certain areas of tissue metabolically active but without oxygen.
When adequate precautions are taken to ensure the optimum rate of cooling we have found that the depression of plasma bicarbonate immediately following shut-off is of the order of 1 to 2 mEq. per 1. This we take to indicate relatively little acid formation during the period of shut-off.
The Effect of Cooling on the Enzymes.-5. We considered the possibility that cooling might effect different enzymes to varying degrees and that this variability might have the effect of creating a rate limiting step in certain of the energy producing cycles, leading to the release of organic acids from the cells. In an uncomplicated run we found no evidence of such an effect for careful monitoring of the bicarbonate concentration of the plasma at frequent intervals throughout the procedure failed to reveal any deviation from the slow elevation consequent upon the continuous infusion.
Conclusion.-I might conclude by re-stating that in our experience profound hypothermia carried out by strict adherence to the technique of Drew is not associated necessarily with the development of acidosis. In fact acidosis appears to result from certain complications of the procedure. It should be noted that the current technique eliminates cardiac and respiratory failure both of which invariably accompany hypothermia in the otherwise intact subject. Either cardiac or respiratory failure may rapidly lead to the development of severe acidosis. Our experience would suggest that hypothermia per se does not cause acidosis. Most interesting is our observation on the effect of an adequate liver circulation in protecting against the development of severe disturbance in acid base relationships. We have an extensive experimental programme under way to elucidate further the full significance of this observation.
We greatly acknowledge the continued cooperation of Mr. C. Drew and Dr. D. Brooks of the Westminster Hospital, London, without which our efforts in this field would hardly have come to fruition. I propose to discuss three aspects of this problem, first to remind you briefly of the renal contribution to acid-base regulation, secondly, to consider the mechanisms which lead to the development of acidosis in renal disease and, finally, to present some data on acid-base and ventilatory changes which occur when attempts are made to correct severe acidosis of renal origin by the infusion of alkali by means of extracorporeal dialysis with the artificial kidney.
As has already been suggested by Dr. Stewart any description of renal contribution to the maintenance of normal acid-base balance in terms of the differential excretion of cations and anions is likely to lead to erroneous thinking. This has certainly been reflected in the clinical literature where the somewhat false distinction is often made between the acidosis of those renal diseases in which the rate of glomerular filtration is not materially depressed and which have been given the specific designation of .. Renal Tubular Acidosis" and the acidosis which accompanies generalised renal disease with uraemia and which is called Renal Acidosis.
Since it has been shown by the direct analysis of fluid obtained by micropipettes that the glomerulus exerts no influence on the hydrogen ion concentration of its ultrafiltrate, renal acidosis cannot arise from any reduction in the rate of glomerular filtration per se and the common co-existence of uraemia with acidosis in acute or chronic renal failure is to that extent coincidental. It is clear also that in the final analysis all forms of renal acidosis whether they are accompanied by uraemia or not are tubular in origin and are due to a failure of the tubules adequately to acidify the urine.
It is now widely appreciated that the renal excretion of acid involves three separate processes. These involve (1) the tubular reabsorption of filtered bicarbonate, (2) the substitution of hydrogen ion as titratable acidity for cations such as sodium and (3) the secretion of ammonia into the tubular urine also in exchange for cation.
The early observations of Pitts and Alexander in 1945 that the total rate of filtered .. acid " at the glomerulus (carbonic acid and monobasic phosphate) could be very much less than the rate of acid excretion in the urine has been generally interpreted as indicating tubular secretion of hydrogen ion and it is widely accepted that this process constitutes the basis for all three mechanisms. Although this unitarian view remains speculative and at least two other possibilities exist including that of direct absorption of bicarbonate ion, the hydrogen ion mechanism is certainly the simplest as it involves the fewest assumptions and furthermore there is no evidence against it.
On the basis that i of the glomerular filtrate is reabsorbed isotonically in the proximal tubule and that the concentration of bicarbonate in the remaining fluid is either the same or less than that in the blood, this part of the nephron must be responsible for the major part of bicarbonate reabsorption. Furthermore, the recent demonstration by Gottschalk et al (1960) that, contrary to previous views, the pH of the proximal fluid is more acid than plasma is consistent with hydrogen ion secretion to form carbonic acid and with the subsequent uncatalysed dehydration of carbonic acid in the fluid of the tubular lumen. On this view then and taking into account the rate of bicarbonate filtration and disappearance, the proximal tubules must secrete hydrogen ion at about 3 mEqjminute or a total of 4,000 mEq. or so in 24 hours. This represents by far the greatest amount of secreted hydrogen ion though it is done in a segment of the nephron in which the hydrogen ion gradient between plasma and urine is relatively small.
In the distal tubule and especially in the collecting ducts a higher hydrogen ion gradient corresponding to a pH of 4 or 5 is possible, but the rate at which these zones can excrete hydrogen ion is limited by the buffering capacity of the urine of which phosphate and ammonia are by far the most important. Although infusions of phosphate may be shown to be capable of increasing titratable acidity far in excess of the maximum usually seen, titratable acidity is normally limited to about 20-25 mEq.jday and there is no physiological means of raising this amount in the event of acidosis.
The third effect of hydrogen ion sodium exchange is the accumulation in the tubular lumen of ammonium ion in acidified urine. Here this process is visualised as a diffusion of the base ammonia into the urine where it combines with hydrogen ion to form ammonium to which the tubular cells are relatively impermeable. The alternative view that this process involves direct excretion of ammonium ion in exchange for sodium does not take into account one of the most striking features of ammonia excretion-namely its dependence upon urinary pH. The renal capacity to increase ammonia formation is considerable and in acidosis may rise to as much as 300-400 mEq.jday-an amount however which is still very much less than the proximal tubular contribution.
When it comes to the question of mechanism of renal acidosis in disease it is clear that theoretically this could arise from defects in anyone or all of these three systems and surprisingly there has been very little systematic study of their relative magnitudes.
It is only within the last year or two that a tubular defect in bicarbonate conservation has been recognised as playing a large part in the acidosis of many patients with generalised renal disease. The existence of this lesion escaped attention for so long probably because almost all patients with severe bilateral parenchymal renal disease have been known to be capable of attaining high hydrogen ion concentration gradient between plasma and urine rendering this free from bicarbonate; this observation was made 50 years ago by J. L. Henderson. Data obtained from patients studied by Schwartz, Hall, Hayes, and ReIman (1959) illustrates how this bicarbonate-losing factor was overlooked and how its existence is not in conflict with the known capacity of the chronic nephritic patient to make a very acid urine. One of their patients who suffered from chronic glomerulonephritis was allowed to become progressively more acidotic merely by stopping alkali therapy. Bicarbonate was found in the urine in spite of a fall in plasma bicarbonate to 14 mEq.jl. and during this phase there was an accumulated loss of 260 mEq. Distributed through a volume of 40 per cent of the total body weight this alkali deficit would be expected to lower plasma bicarbonate concentration by 10 mEq.jl. and it is clear that in this patient the short-lived but significant loss of bicarbonate in the urine contributes the major share to the development of the acidosis. Thereafter with the administration of ammonium chloride the urine became bicarbonate-free and the pH of the urine dropped to just above 5 with a further reduction in the plasma bicarbonate to 9 mEq.jl. This bicarbonate-losing condition is of course similar to that which hitherto has been thought to be characteristic of these rare and sometimes familial tubular nephropathies such as Fanconi syndrome, the disease Renal Tubular Acidosis, and Wilson's disease, though in these latter conditions the capacity to maintain a high hydrogen ion concentration gradient is further depressed.
Bicarbonate wasting in the proximal tubule has one further effect in aggravating the acidosis. Because it continues while acidosis is developing, alkalinity of the fluid in the distal tubule must persist for very much longer than it does in health and this depresses distal tubular secretion of hydrogen ions as tit ratable acidity and as ammonia. It is probably because of this that uraemic patients require a more serious degree of acidosis to achieve the low level of urinary acidity which can be attained by the normal individual without significant depression of his plasma bicarbonate concentration. In the end, while the titratable acidity is not much diminished below normal, the well-known underlying defect in ammonia production then becomes both limiting and obvious. It seems most likely that this particular defect is due either to a loss of tubular mass or to a critical reduction in renal blood flow. Ammonia production in a variety of renal diseases has been shown to be directly related to the rate of glomerular filtration by Wrong and Davies (1959) . The important relation of course is not likely to be to glomerular filtration itself but rather to renal blood flow to which filtration rate bears a fairly constant ratio.
Turning now to the treatment of renal acidosis I would like to present some of our own observations on what happens when attempts are made to correct severe renal acidosis by infusing bicarbonate into the body by means of extracorporeal dialysis. The increasing use of this therapeutic technique especially when applied to severe degrees of acidosis is beginning to emphasise the danger of being too preoccupied with restoring merely the extracellular concentrations of bicarbonate; for there is no doubt that if this is attempted too quickly obvious clinical deterioration occurs.
In these patients estimations of arterial blood pH, CO 2 tension and CO 2 content or standard bicarbonate were made using the interpolation method of Astrup and others employing a microtonometer and microcapillary glass electrode. As Severinghaus et aI. (1957) pointed out good correspondence between CO 2 tension determined with this method and the results derived from measurements of carbon dioxide content and pH using the Henderson-Hasselbalch equation is only obtained after elimination of several errors in the derived technique each one of which may be relatively small but which together may contribute an error of up to 15 or 20 per cent in derived values of PC02' These errors include a correction for the different pH reading as between plasma and blood (blood 0.01 > plasma) and the use of an appropriate pK value which varies slightly with pH and standardisation of the electrode against phthalate buffers and testing its linearity. With these precautions the mean difference between the two sets of results in twenty determinations of P C0 2 ranging from 12 to 68 mm. Hg. is found to be 0.01 ± 2 mm. P C0 2 .
Fifteen individuals suffering from severe renal acidosis have been studied before and after extracorporeal dialysis for 4-6 hours against a bath containing 25 mEq./l. bicarbonate. The arterial CO 2 content was less than 15 mEq.jl. in all patients, the pH ranging from 6.9 to 7.4 though most of the values were between 7.2 and 7.3. In those patients in whom the arterial bicarbonate concentration was returned to normal, the pH of the blood became elevated to between 7.5 or 7.6. This effect is apparently due to an inappropriate response of the respiratory centre since very little increase in CO 2 tension occurred. Indeed, normal pH values were obtained only by cutting short the dialyses with arterial carbon dioxide contents of about 15 mEq./l. This inappropriate response of ventilation to the rapid elevation in blood bicarbonate has been noted also by Winters and his colleagues (1958) during recovery from diabetic ketosis in which likewise there is no discernible stimulus in the arterial blood for augmented ventilation.
Although it has been suggested that this phenomenon is due to increased sensitivity of the respiratory centre, this is clearly less of an explanation than it is merely a description of the sequence of events. This ventilatory response was studied in greater detail in three patients before and after extracorporeal dialysis and four points emerged :-(l) the pH of the arterial blood became normal with a CO 2 content of 15 mEq./1. and with only a slight rise in arterial pC02.
(2) The alveolar ventilation which was elevated before the dialysis persisted at its high level or was even slightly increased.
(3) The CO2 production also increased from about 150 rnl/min. to 190 ml.jrnin., an effect due to the titration of the body acids with the bicarbonate from the dialysing fluid, and (4) Finally, the cerebrospinal fluid pH, unlike that of arterial blood, was if anything reduced during dialysis. This effect was due to the failure of the concentration of bicarbonate to rise and to a slight elevation in CO 2 tension in the C.S.F. during dialysis.
It has been shown by Cunningham et al (1957) that in normal subjects in a steady state the relationship between pulmonary ventilation (Ljrnin.) and various levels of alveolar CO 2 is linear over a certain range and that extrapolation of the line intercepts the CO2 axis at a theoretical apnoea point of between 35 and 40 mm. Thus in three normal subjects who were subjected to different inspired loads of CO 2 and maintained fully oxygenated we found the slope of ventilation to C02 tension was between 2 and 4 and the intercept at about 38 mm. Hg. A patient with severe renal failure was tested in this way before and immediately after dialysis. The arterial pH before dialysis was 7.24 and after dialysis 7.58. In spite of this marked change in arterial pH there was little difference in the ventilation/Pe02 relation which remained shifted very much to the left with an apnoea point of 15 mm. Hg. The sensitivity of the respiratory centre to different loads of CO 2 as judged by the slope was essentially the same as normal but the whole relationship was set at a lower level. A second patient was studied in a similar way and in greater detail before, immediately after, and four days after dialysis. Even four days after dialysis and in spite of a normal arterial blood pH the relationship was quite abnormal, the apnoea point being considerably reduced. Very little change in slope occurred over this time and the ventilation itself bore no relation to the resting arterial pH.
Although it is not possible to provide a final explanation of these abnormalities, the most likely reason lies in the fact that in acute states extracellular pH does not reflect changes in the pH of the intracellular fluids and that whole body and respiratory centre pH is independent at least for a time on extracellular H+ concentration. Recent observations by Singer and others (l955) have shown that the volume of distribution of infused bicarbonate does not, as was supposed by van Slyke, constitute 40 per cent of body weight but probably only 20 per cent-at least for some time after its administration. If this is so, intracellular acidity may remain unrelieved with this treatment, and the possibility exists that in severe acidosis acidity within the cells may even be increased as a result of an elevation in the CO 2 production and the fact that it is readily diffusible through cell membranes. The cerebrospinal fluid is a body compartment which is easily accessible in man to analysis and to which there is a barrier to bicarbonate penetration. The pattern before and after dialysis in the cerebrospinal fluid is in striking contrast to that found in the blood where the acidity is not only not relieved but was aggravated in two instances. Similar observations to these have been shown in dogs by Robin and others (l956) in which frank changes in pH in opposite directions may be induced by the intravenous administration of either acid or alkali.
Although some of these facts have been familiar to the cell physiologist for many years, the possibility of intracellular acidity unrelieved or possibly aggravated by such means as extracorporeal dialysis presents a new clinical problem. At the moment it is the universal experience of centres operating Artificial Kidneys that cardiac irregularities, arrests, generalised convulsions and a clinical syndrome suggestive of pulmonary. hypertension not infrequently develops in patients who are seriously acidotic and uraemic during treatment. At the present time there is the clinical impression-and it is no more than this-that if the duration of dialysis is limited to four hours or if less powerful machines are employed the incidence of some of these accidents may be reduced. The normal levels of sweat sodium and mucoviscidosis and other diseases reported to chloride increase with age (Anderson & be related to it (Lancet, 1960; Lancet, 1961) . Freeman, 1960) but are fairly constant after Various versions of the sweat electrolyte test the age of 20. Tests in which sweating is are in use and form the basis of the extensive induced by heat (" bag test ") can be dangerous research now proceeding. The central disease in debilitated babies under 6 months, and studied, mucoviscidosis (fibrocystic disease of death due to overheating has been recorded the pancreas, cystic fibrosis) is believed to be (Gibbs, 1959 ). An application of the test to an inherited exocrine dysfunction, manifested the newborn, with sweating induced by piloin its fully developed form in the newborn carpine, has now been described (Elian, (e.g., as meconium ileus) or in early childhood Shwachman & Hendren, 1961) . Considering (as pancreatic steatorrhoea with severe re-the number of factors involved the normal spiratory infection) and in its partial forms as values adopted by most workers are remarkchronic lung disease; there is also some ably homogeneous; the upper normal limits evidence of an association with peptic ulcer. established for our series (Cl, 65 mEq/l; Abnormally raised sweat sodium and chloride Na, 80 mEq/l) are within 10 mEq of those levels have been found in fully developed of other workers. There is an expected overcases, with lower but still abnormal levels in lap between normal and raised values; the some close relatives and in patients with partial complete separation of the two groups oriforms of the disease.
ginally reported is due to early work being The variables of the test are the following: concerned with young children in whom the 1. The salt concentration of sweat increases lowest and the highest sweat electrolyte levels with the rate of sweating (Gibbs, 1959) . Inter-are found. laboratory error would be minimised if an
The test is not completely specific, and expression relating salt concentration to rate gives five per cent of false negative and a of sweating were found to be a more reliable controversial proportion of false positive parameter than the present expression of results. The view that raised sweat electrolyte mfiq/litre, but this is not proven. 2. Eccrine levels in the absence of adrenal deficiency sweat glands from different parts of the body should be classed as manifestations of mucoelaborate sweat of varying composition; the viscid osis is not tenable without evidence of chloride contents of normal sweat from the familial incidence of the disease and a sweattrunk and forearm (the two usual sources) are, electrolyte survey of the relatives. A comhowever, comparable (Hoppe-Seyler/ parison of the frequency distributions of Thierfelder, 1953). 3. Other factors which sodium and chloride levels in our series have been quoted as affecting the salt content suggests that of the two data the chloride of sweat (Gibbs, 1959; Cooke, 1959) are levels more nearly represent genetic status in
